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Abstract

The results of a search for new phenomena in events with two leptons (electrons or muons)
are reported, using 13.3 fb−1 of integrated luminosity from LHC pp collisions at

√
s = 13 TeV

collected by the ATLAS detector. Three possible signals are targeted by dedicated selections:
the pair production of top squarks decaying via the three body mode t̃1 → χ̃01W b; the pair
production of top squarks decaying via t̃1 → χ̃±1 b → χ̃01W (∗)b; and the production of dark
matter in association with a tt̄ pair. No excess above the Standard Model expectation is
observed, and exclusion limits at 95% confidence level are derived for the different models.
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1 Introduction

The Standard Model (SM) of particle physics is believed to be the low energy limit of a more general
theory. Many arguments point to the need to extend the SM, among them the need to stabilise the Higgs
mass against radiative corrections from Planck scale physics and the need to explain the nature of dark
matter (DM) [1–4]. Both these shortcomings might be addressed by new physics at the TeV scale and
motivate many of the new particle searches at the LHC.

One of the most compelling theories beyond the SM is Supersymmetry (SUSY) [5–10]. SUSY is a
spacetime symmetry that postulates for each Standard Model (SM) particle the existence of a partner
particle whose spin differs by one-half unit. The introduction of gauge-invariant and renormalisable
interactions into SUSY models can violate the conservation of baryon number (B) and lepton number
(L), resulting in a proton lifetime shorter than current experimental limits [11]. This is usually solved
by assuming that the multiplicative quantum number R-parity [12], defined as R = (−1)3(B−L)+2S , is
conserved.

In the framework of a generic R-parity-conserving Minimal Supersymmetric Standard Model (MSSM)
[13, 14], SUSY particles are produced in pairs, and the lightest supersymmetric particle (LSP) is stable and
a candidate for dark matter [15, 16]. The scalar partners of right-handed and left-handed quarks (squarks),
q̃R and q̃L, can mix to form two mass eigenstates, q̃1 and q̃2, with q̃1 defined to be the lighter one. In
the case of the supersymmetric partner of the top quark t̃, large mixing effects and small on-diagonal
terms can lead to one top squark mass eigenstate, t̃1, that is significantly lighter than the other squarks.
The charginos and neutralinos are mixtures of the bino, winos and higgsinos that are superpartners of the
U(1), SU(2) gauge bosons and the Higgs bosons, respectively. Their mass eigenstates are referred to as
χ̃±i (i = 1, 2) and χ̃0j ( j = 1, 2, 3, 4) in the order of increasing masses. In a large variety of models, the
LSP is the lightest neutralino χ̃01.

One of the bestmotivated candidates for aDMparticle is aweakly interactingmassive particle (WIMP) [17].
At the Large Hadron Collider (LHC), one can search for DM particles (χ) produced in pp collisions. As
they are weakly interacting, they escape the detectors, leading to a momentum imbalance of the event in
the transverse plane. Searches for DM associated production with heavy quarks have been presented by
ATLAS [18] and CMS [19–21], using Effective Field Theories (EFT) [22–24] to model the DM signals.
Instead, this search is focused on simplified models of DM production which involve spin-0 mediators
to the dark sector [25–27] thus avoiding the limitations of the EFT approach at colliders [28–30]. These
models are one of the simplest UV complete extensions of the effective field theory approach to dark
matter, which involves the addition of a spin-0 mediator between the DM and SM sectors. Two choices
for DM simplified models are considered: one where the interaction with the SM is mediated by a scalar
(ϕ), and the second with only a light pseudoscalar (a) mediator (assuming that the associated scalar is
decoupled from the low-energy spectrum). Following the notation of Ref. [17], the model has four
parameters: the masses of the mediator and the DM particle, the DM-mediator coupling (gχ), and the
universal SM-mediator coupling (gq). In this note, the assumption gq = gχ = g is made.

In order to fulfil precision constraints from flavour measurements, these models assume Yukawa-like
couplings between the dark sector mediator and the SM fermions. This motivates the choice of studying
these models in heavy flavour quark final states. Couplings to top quarks are considered in this search.

In this document a search for new physics is reported, using 13.3 fb−1of proton-proton collision data
collected by the ATLAS experiment in 2015 and 2016. The final state of interest includes two isolated
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Figure 1: Diagrams representing the three main signals targeted by the analyses: (a) the decay of a top squark
via chargino which is targeted by the hadronic mT2 search, (b) the 3-body decay mode of a top squark and (c) the
production of dark matter particles in association with a tt̄ pair.

electrons or muons and missing transverse momentum. Three different selections, here referred as to
“hadronic mT2”, “three-body” and “dark matter”, are considered. The first targets the pair production
of top squarks, each of them decaying through the three-body mode into bW χ̃01. This is expected to
be the dominant mode when m( χ̃01) + m(W ) + m(b) < m(t̃1) < m( χ̃01) + m(t) and the stop is lighter
than the lightest chargino χ̃±1 . Results are interpreted in the (m( χ̃01),m(t̃1)) plane. The second set of
selections targets the decay mode to the lightest chargino and a b quark, followed by the chargino decay
into the lightest neutralino, a lepton and a neutrino. The results are interpreted in the (m( χ̃01),m(t̃1))
plane, assuming a 100% branching ratio for the decay mode considered, and a chargino mass either equal
to 106 GeV or to twice the lightest neutralino mass. The third set of selections targets the production of
DM in association with a leptonically decaying tt̄ pair. Results are interpreted in the plane formed by
the mediator mass and the Dark Matter particle mass, assuming either a scalar or pseudoscalar mediator.
Mass limits for a fixed g=3.5 coupling and coupling limits for a fixed mass are provided. Diagrams for the
different signal processes are presented in Fig. 1. Previous ATLAS [31, 32] and CMS [33–39] analyses
have placed exclusion limits at 95% confidence level (CL) on the signal scenarios considered here.

2 ATLAS detector

The ATLAS detector [40] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.1
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged
particle tracking in the range |η | < 2.5. It consists of a high-granularity silicon pixel detector, which
covers the vertex region and typically provides three measurements per track, a silicon microstrip tracker,
which usually provides four two-dimensional measurement points per track, and a transition radiation

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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tracker, which enables radially extended track reconstruction up to |η | = 2.0. The transition radiation
tracker also provides electron identification information based on the fraction of hits (typically 30 in total)
above a higher energy deposit threshold corresponding to transition radiation. During the first LHC long
shutdown, a new pixel layer, known as Insertable B-Layer (IBL) [41], was added at a radius of 33 mm. The
calorimeter system covers the pseudorapidity range |η | < 4.9. Within the region |η | < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) electromagnetic
sampling calorimeters with an accordion geometry, with an additional thin LAr presampler covering
|η | < 1.8, to correct for energy loss in material upstream of the calorimeters. Hadronic calorimetry is
provided by an iron/scintillating-tile sampling calorimeter, segmented into three barrel structures within
|η | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic
measurements respectively. The Muon Spectrometer (MS) comprises separate trigger and high-precision
tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting
air-core toroids. The precision chamber system covers the region |η | < 2.7 with three layers of monitored
drift tubes, complemented by cathode strip chambers in the forward region, where the background is
higher. The muon trigger system covers the range |η | < 2.4 with resistive plate chambers in the barrel, and
thin gap chambers in the endcap regions. A two-level trigger system is used to select events [42]. There is
a low-level hardware trigger implemented in custom electronics, which reduces the incoming data rate to
a design value of ∼100 kHz using a subset of detector information, and a high-level software trigger which
selects interesting final state events with software algorithms accessing the full detector information.

3 Physics object selection

Data were collected by the ATLAS detector in 2015 and 2016 during pp collisions at a centre-of-mass
energy of

√
s = 13 TeV, with a peak instantaneous luminosity of L = 1.0 × 1034 cm−2s−1, a bunch

spacing of 25 ns, and an average number of additional pp interactions per bunch crossing (pileup) of
〈µ〉 = 14 in 2015 and 〈µ〉 = 21 in 2016. Only events taken in stable beam conditions, and in which the
trigger system, the tracking devices and the calorimeters were operational, are considered in this analysis.
After data-quality requirements, the data sample amounts to an integrated luminosity of 13.3 fb−1 with
an uncertainty of ±2.9%. This preliminary uncertainty is derived, following a methodology similar to
that detailed in Refs. [43] and [44], from a preliminary calibration of the luminosity scale using x-y
beam-separation scans performed in August 2015 and May 2016.

Candidate events are required to have a reconstructed vertex with at least two associated tracks with
pT > 400MeV. The vertex with the highest scalar sum of the squared transverse momenta of the associated
tracks is considered the primary vertex of the event.

Electron candidates are reconstructed from an electromagnetic calorimeter energy depositions matched
to ID tracks and are required to have |η | < 2.47, a transverse momentum pT > 7GeV, and to pass a loose
likelihood-based identification requirement [45, 46]. The likelihood input variables include measurements
of calorimeter shower shapes and of track properties from the ID.

Muon candidates are reconstructed in the region |η | < 2.5 from muon spectrometer tracks matching ID
tracks. Candidate muons must have pT > 5GeV and must pass the medium identification requirements
defined in Ref. [47], based on requests on the number of hits in the different ID and muon spectrometer
subsystems, and on the significance of the charge to momentum ratio q/p [47].
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Jets are reconstructed from three-dimensional energy clusters in the calorimeter [48] with the anti-kt jet
clustering algorithm [49] with a radius parameter R = 0.4. Only jet candidates with pT > 20GeV and
|η | < 2.8 are considered as selected jets in the analysis. Jets are calibrated as described in Ref. [50]. In
order to reduce the effects of pileup, for jets with pT < 60GeV and |η | < 2.4 a significant fraction of
the tracks associated with each jet must have an origin compatible with the primary vertex, as defined
by the jet vertex tagger [51]. Furthermore, for all jets the expected average energy contribution from
pileup clusters is subtracted according to the jet area [50]. Jets resulting from b-quarks (called b-jets) are
identified using the MV2c10 b-tagging algorithm, which is based on quantities such as impact parameters
of associated tracks and reconstructed secondary vertices [52, 53]. This algorithm is used at a working
point that provides 77% b-tagging efficiency in simulated tt̄ events, and a rejection factor of about 134 for
light-quark flavours and gluons and about 6 for charm jets.

To resolve reconstruction ambiguities, electron candidates sharing an inner detector track with a muon
candidate are removed. Then, jet candidates within ∆R =

√
∆y2 + ∆φ2 < 0.2 (where y stands for the

rapidity) from an electron candidate are removed, and the same is done for jets with fewer than three tracks
which lie within ∆R < 0.4 around a muon candidate. Finally, any lepton candidate within ∆R < 0.4 from
the centre of a surviving jet candidate is removed, in order to reject leptons from the decay of a b or c
hadron.

Signal electrons must satisfy a medium likelihood-based identification requirement [45, 46] and the track
associated with the electron must have a significance of the transverse impact parameter with respect to
the reconstructed primary vertex, d0, of |d0 |/σ(d0) < 5, with σ(d0) being the uncertainty on d0. Signal
muons must have a |d0 |/σ(d0) < 3. The tracks associated to the signal leptons must have a longitudinal
impact parameter with respect to the reconstructed primary vertex, z0, satisfying |z0 sin θ | < 0.5 mm.
Leptons are required to be isolated from other activity using a relatively loose pT-based track- and
calorimeter-based criteria designed to pass 99% of leptons from Z decays.

The Emiss
T is defined as the magnitude of the two-vector pmiss

T which is the negative vector sum of the
transverse momenta of all identified physics objects (electrons, photons, muons, jets) and an additional
soft term. The soft term is constructed from all tracks that are not associated with any physics object, and
which are associated with the primary vertex. In this way, the Emiss

T is adjusted for the best calibration of
the jets and the other identified physics objects above, while maintaining pileup independence in the soft
term [54, 55].

4 Event selection

Events are accepted if they pass an online selection (trigger) requiring either two electrons, two muons
or an electron and a muon. The trigger-level requirements on the leading and sub-leading lepton pT are
looser than those applied offline to ensure that trigger efficiencies are constant in the relevant phase space.
The offline selection requires that the leading lepton has a pT larger than 25 GeV and the subleading
lepton a pT larger than 20 GeV. In addition to the leptonic triggers, the “hadronic mT2” selection (see
below) also accepts events passing an Emiss

T based trigger and having offline Emiss
T > 200 GeV, in order

to recover acceptance in events with soft lepton momenta (for events passing the Emiss
T trigger selection,

the requirement on both lepton pT is lowered to 10 GeV). In all cases, events are required to have exactly
two oppositely charged signal leptons (electrons, muons, or one of each) with the invariant mass of these
two objects, m``, being greater than 20 GeV (regardless of the flavours of the leptons in the pair), in
order to remove leptons from low mass resonances. Simulated events are corrected to account for minor
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differences in the signal lepton trigger, reconstruction and identification efficiencies between data and
simulation.

4.1 Discriminators and Kinematic Variables

Different discriminators and kinematic variables are used in the analyses to separate the signal from the
SM background.

The three-body search uses a number of “super-razor” variables that are defined in [56]. They are designed
to identify events with two massive parent particles (i.e. top-squarks) that each decay into a set of visible
(i.e. leptons) and invisible particles (i.e. neutrinos and neutralinos). These variables are:

- RpT : The quantity RpT is defined as:

RpT =
| ~JT |

| ~JT | +
√

ŝR/4
(1)

where ~JT is the vector sum of the momenta of all visible particles and the missing transverse
momentum, and

√
ŝR is the approximate centre of mass energy in the razor frame R (the pair

production centre-of-mass frame). Since only the leptons are considered in the visible system the
| ~JT | will be over-estimated in events with additional activity, i.e. signal and top-quark production,
which biases RpT towards unity and provides rejection power against diboson production which
tends towards zero.

- 1/γR+1: This quantity is the inverse of the Lorentz factor, γR+1, associated with the boosts from the
razor frame R to the approximations of the two decay frames of the parent particles. It is a measure
of how the two visible systems are distributed, tending towards unity when visible particles are
equal in momenta and collinear, while preferring lower values when they are back-to-back or having
different momenta. It is observed to provide rejection power against both top-quark and diboson
production processes.

- MR
∆
: The quantity MR

∆
is defined as:

MR
∆
=

√
ŝR

γR+1
(2)

This variable has a kinematic end-point that is proportional to the mass-splitting between the parent
particle and the invisible particle. Therefore, it provides rejection against both top-quark and
diboson production processes when it is required to be greater than the pole-mass of the W -boson,
in which regime it also helps to reject the residual Z/γ∗+jets background.

- ∆φRβ : The azimuthal angle between the razor boost from the laboratory to the R frame and the sum
of the visible momenta as evaluated in the R frame. For systems where the invisible particle has a
mass that is comparable to the pair-produced massive particle, this variable has a pronounced peak
near π, making it, in general, a good discriminator in searches in a compressed spectra scenario.

Other kinematic variables considered in some of the analyses include:
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- mll
T2 and mbb

T2 : lepton-based and jet-based stransverse mass. The stransverse mass [57, 58] is a
kinematic variable used to bound the masses of an unseen pair of particles which are presumed to
have decayed semi-invisibly into particles which were seen. This quantity is defined as

mT2(pT,1, pT,2, qT) = min
qT,1+qT,2=qT

{
max[ mT(pT,1, qT,1),mT(pT,2, qT,2) ]

}
,

where mT indicates the transverse mass,2 pT,1 and pT,2 are the transverse momentum vectors of
two particles (assumed to be massless), and qT,1 and qT,2 are vectors with qT = qT,1 + qT,2. The
minimisation is performed over all the possible decompositions of qT. For tt̄ or WW decays, if
the transverse momenta of the two leptons in each event are taken as pT,1 and pT,2, and Emiss

T as
qT, mT2(`, `, Emiss

T ) is bounded sharply from above by the mass of the W boson [59, 60]. In the
t̃1 → b + χ̃±1 decay mode the upper bound is strongly correlated with the mass difference between
the chargino and the lightest neutralino. If the transverse momenta of the two reconstructed b-jets
in the event are taken as pT,1 and pT,2, and the lepton transverse momenta are added vectorially
to the missing transverse momentum in the event to form qT, the resulting mT2(b, b, ` + ` + Emiss

T )
has a very different kinematic limit: for top-quark pair production it is approximately bounded by
the mass of the top quark, whilst for top-squark decays the bound is strongly correlated to the mass
difference between the top squark and the chargino. In this paper, mT2(`, `, Emiss

T ) is referred to
simply as mll

T2, whilst mT2(b, b, ` + ` + Emiss
T ) is referred to as mbb

T2 .

- A variable called Ebl
T,min is obtained by considering the four possible pairs of a b-jet and a lepton that

can be constructed from two b-jets and two leptons, and taking the smallest value of E2 − p2z of
these pairs.

- ∆φboost and p``Tboost: the azimuthal angular distance between the pmiss
T vector and the p``Tboost =

pmiss
T + p`1T + p

`2
T vector. The p``Tboost variable, with magnitude p``Tboost, is the opposite of the vector

sum of all the transverse hadronic activity in the event.

- meff: the scalar sum of the Emiss
T , the transverse momenta of the two leptons and that of the two jets

with the largest pT in each event.

- cos θb : The cosine of the angle between the direction of motion of one of the two leptons and the
beam axis in the centre-of-mass frame of the two visible leptons [61]. This variable is sensitive to
the spin of the pair-produced particle, providing additional rejection against diboson backgrounds.

4.2 Hadronic mT2 selection

This search targets the process illustrated by Fig. 1a, and scenarios with a large mass difference between
the top squark and the lightest chargino. When this difference is larger than the top quark mass, the values
assumed by mbb

T2 for signal extend beyond the kinematic endpoint for tt̄, which is the main background after
the requirement of two leptons and two b-tagged jets. The event selection is based on such observation.

If the mass difference between the chargino and the neutralino is small, the transverse momentum of
the two leptons can be small. Therefore, the selection makes use of a combination of Emiss

T -based and
lepton-based triggers to maximise the signal acceptance. Events passing the Emiss

T trigger are required

2 The transverse mass is defined by the equation mT =
√
2|pT,1 | |pT,2 |(1 − cos(∆φ)), where ∆φ is the angle between the particles

with transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.
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to have both leptons with pT > 10 GeV. Events selected by the dilepton trigger are still required to have
Emiss
T > 100 GeV to improve the signal sensitivity.

In the same-flavour channels (ee and µµ), the invariant mass of the two leptons is required to be outside
the 71-111 GeV window. In order to make use of the mbb

T2 potential and its end-point at the top mass in
top-quark pair production, the events are required to have exactly two identified b-jets in the final state.

Two signal regions (SR) are defined: SRhadMT2
Low , optimised for m(t̃) = 400 GeV, and SRhadMT2

High , suitable for
a higher t̃ mass. In both cases, samples of signal simulated events with a chargino mass of 100 GeV and
a neutralino mass between 1 and 75 GeV have been used to find the optimal selection. The following
selection is applied for the SRs:

• mbb
T2 is required to be larger than 220 GeV. As described in Section 4.1, this variable is expected to

have a value smaller than the top quark mass in tt̄ events while it extends to larger values for signal
events. This selection thus removes most of the tt̄ events, with the majority of events passing the
selection have misstagged b-jets, a b-jet from an ISR gluon splitting rather than from the top decay,
or mismeasured Emiss

T . The selection is less effective against the Wt backgrounds, for which one of
the b-jets has to be from gluon splitting or a mistagged jet.

• The pT of the leading lepton, plep1T , is required to be smaller than 120 GeV. This selection exploits
the fact that the leptons have a softer pT spectrum in the expected signal compared to that of the top
backgrounds.

• For SRhadMT2
High , Ebl

T,min is required to be larger than 180 GeV, this being the only difference between the
two SR.

The selections applied to each SR are summarised in Table 1.

Table 1: Definition of the signal regions used in the hadronic mT2 analysis. An horizontal dash indicates that no
selection is applied. The trigger, trigger-related lower cuts on the lepton pT and Emiss

T , and the lepton invariant mass
cuts described in the text are applied for all regions. The criteria on |m`` − mZ | are applied only to same-flavour
events.

Variable SRhadMT2
Low SRhadMT2

High

|m`` − mZ | [GeV] (SF only) >20 >20
b-jet multiplicity 2 2
mbb

T2 [GeV] >220 >220
plep1T [GeV] <120 <120
Ebl

T,min [GeV] - >180

4.3 Three-body selection

The selection described here targets the three-body decay mode of the top squark (Fig. 1b) which, as
already mentioned, is expected to be the dominant decay mode when the two-body decay modes into the
lightest chargino and neutralino are kinematically forbidden, which occurs for m(t̃1) < m( χ̃±1 )+m(b) and
m(t̃1) < m( χ̃01) + m(t).
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In the same-flavour (SF) channels, the invariant mass m`` of the two-lepton system is required to be outside
of the 81–101 window3. No requirement is applied on the different-flavour (DF) channels instead.

Two orthogonal signal regions, SR3−body
W and SR3−body

t , are defined as summarised in Table 2. Both regions
make use of a common set of requirements on RpT , 1/γR+1, and in the two-dimensional (cos θb , ∆φRβ )
plane, to reject background while retaining as much signal as possible regardless of the exact stop decay
topology. In addition, SR3−body

W requires exactly zero b-jets and MR
∆
> 95 GeV. It targets the region where

∆m(t̃, χ̃01) ∼ mW by exploiting the fact that in such a scenario the b-jets in the stop decay chain have soft
pT spectra and hence are often not reconstructed. The large MR

∆
requirement suppresses the top-quark and

diboson production processes and enhances the signal sensitivity. A requirement of at least one b-jet and
MR
∆
> 110 GeV is instead applied in SR3−body

t . It targets the region where ∆m(t̃, χ̃01) ∼ mt by selecting
b-jets. This requirement allows it to be disjoint to SR3−body

W but a slightly tighter MR
∆

requirement is
necessary to eliminate the additional background that originates from top-quark production processes.

Table 2: Signal region definitions for the three-body search. The trigger, trigger-related cuts on lepton pT, and
invariant mass cuts described in the text are always applied. The criteria on |m`` − mZ | are applied only to
same-flavour events.

Common selection

Lepton flavour SF, DF
|m`` − mZ | [GeV] (SF only) >10
RpT >0.5
1/γR+1 >0.8
∆φRβ > 0.85 |cos θb | + 1.8

Region specific SR3−body
W SR3−body

t

b-jet multiplicity = 0 > 0
MR
∆
[GeV] > 95 > 110

4.4 Dark Matter Selection

The search for dark matter targets the process shown in Fig. 1c. Since this produces two top quarks
and two invisible particles, the final state contains the same objects of the signals targeted by the other
searches when the W bosons produced by both top quarks decay leptonically. The kinematic depends
on the value of the mediator mass, so different selections are developed to target low and high mediator
mass scenarios, called DM-SRL and DM-SRH respectively. The differences between the pseudoscalar
and scalar mediator kinematics are comparatively minor and do not require a separate optimisation (there
is, however, a significant difference in the production cross section).

The selection criteria for the dark matter signal regions are shown in Table 3. Events with same-flavour
leptons compatible with the decay of a Z boson are vetoed if 71 < m`` < 111 GeV. At least one jet is
required to be identified as a b-jet, and the angle between the missing transverse momentum and p``Tboost
has to be smaller than 1.0 radians. This requirement is especially helpful in reducing the Z/γ∗+jets
background. The mll

T2 is required to be larger than 120 GeV, and Emiss
T must be larger than 180 GeV and

260 GeV for SRL and SRH, respectively.
3 The range of the m`` window has been separately optimised in the three-body search.

9



Table 3: Summary of dark matter signal region definitions. The trigger, trigger-related lower cuts on lepton pT, and
invariant mass cuts described in the text are applied for all regions. The criteria on |m`` − mZ | are applied only to
same-flavour events.

Variable DM-SRL DM-SRH

|m`` − mZ | [GeV] (SF only) >20 >20
b-jet multiplicity > 0 > 0
∆φboost < 1.0 < 1.0
mll

T2 [GeV] >120 >120
Emiss
T [GeV] > 180 > 260

5 Samples of simulated events

Sample of simulated events are used to model the SUSY signal and those SM backgrounds with two or
more real leptons in the final state. The samples include an ATLAS detector simulation [62], based on
Geant4 [63], or a fast simulation that uses a parameterisation of the calorimeter response and Geant4
for the other parts of the detector [64]. The simulated events are reconstructed with the same algorithms
as used for the data.

Diboson processes with two to four charged leptons are produced using the Sherpa v2.1.1 [65] gener-
ator [66]. The matrix elements contain the doubly-resonant WW , W Z and Z Z processes and all other
diagrams with four or six electroweak vertices (such as WW j j). The 3`+1ν process is calculated at NLO
in QCD, additional diagrams involving up to three extra partons at LO are calculated using the Comix [67]
and OpenLoops [68] matrix element generators and merged with the Sherpa parton shower [69] using
the ME+PS@NLO prescription [70]. Fully leptonic triboson processes (WWW , WW Z , W Z Z and Z Z Z)
with up to six charged leptons are also produced using Sherpa v2.1.1. The WW Z → 4` + 2ν or 2` + 4ν,
W Z Z → 3` + 3ν or 5` + 1ν, Z Z Z → 6` + 0ν, 4` + 2ν or 2` + 4ν processes are calculated with the
same configuration as the diboson samples, but with up to only two extra partons at LO. The CT10 [71]
parton distribution function (PDF) set is used for all Sherpa samples in conjunction with a dedicated
parton shower tuning developed by the Sherpa authors. The theoretical cross sections are used when
normalising the diboson and tri-boson backgrounds.

For the production of tt̄ and single top-quarks in the Wt channel, the Powheg-Box v2 generator with the
CT10 PDF set is used [72]. The top quark mass is assumed to be 172.5 GeV. The tt̄ (single top) events
are normalised to the NNLO + NNLL QCD [73] (NLO) cross sections.

Events containing Z bosons with associated jets (Z/γ∗+jets) are produced using the Sherpa v2.2 generator
with massive b/c-quarks to improve the treatment of the associated production of Z bosons with heavy
flavour jets [74]. Matrix elements are calculated for up to two partons at NLO and up to four partons at
leading order (LO). The matrix elements are calculated using the Comix and OpenLoops generators of
matrix elements and merged with the Sherpa parton shower using the ME+PS@NLO prescription. The
CT10 PDF set is used in conjunction with a dedicated parton shower tuning developed by the Sherpa
authors. A global k-factor is used to normalise the Z/γ∗+jets events to the NNLO QCD cross sections.

Samples of tt̄+V (withV = W and Z , including non-resonant Z/γ∗ contributions) and tt̄+WW production
are generated at LOwithMadGraph5_aMC@NLO [75] v2.2.2 interfaced to the Pythia 8.186 [76] parton
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shower model [77]. Events from tt̄ +W and tt̄ + Z were generated including respectively up to two and
one extra partons in the matrix element. No additional partons were included in the tt̄ +WW generation.
The A14 tune [78] was used together with the NNPDF23LO PDF set [79]. The tt̄ +W , tt̄ + Z , tt̄ +WW
events are normalised to their NLO cross section [75].

The production of aHiggs boson in associationwith a tt̄ pair is generated usingMadGraph5_aMC@NLO[75]
v2.2.2 interfaced to Herwig 2.7.1 [80]. The UEEE5 underlying event tune is used together with the
CTEQ6L1 [81] (matrix element) and CT10 (parton shower) PDF sets. Samples of SM Higgs boson
events in association with a W or Z boson are produced with Pythia 8.186, using the A14 tune and the
NNPDF23LO PDF set. Events are normalised to cross sections calculated at NLO QCD [82].

The SUSY signal samples are generated using LO matrix elements with up to two extra partons, with
the MadGraph5_aMC@NLO [75] v2.2.3 generator. The modelling of the SUSY decay chain, parton
showering, hadronisation and the description of the underlying event are simulated with Pythia 8.186,
using the A14 tune. Parton luminosities are provided by the NNPDF23LO PDF set. The jet-parton
matching is realised following the CKKW-L prescription [83], with a matching scale set to one quarter of
the pair-produced superpartner mass. Signal cross sections are calculated to next-to-leading order in the
strong coupling constant, adding the resummation of soft gluon emission at next-to-leading-logarithmic
accuracy (NLO+NLL) [84–86]. The nominal cross section and the uncertainty are taken from an envelope
of cross section predictions using different PDF sets and factorisation and renormalisation scales, as
described in Ref. [87]. The production cross section of top squark pairs with a mass of 500GeV is 518 fb
at
√

s = 13 TeV (compared with 86 fb at
√

s = 8 TeV).

TheDMsignal samples are generated fromLOmatrix elementswith no extra partons, using theMG5_aMC
generator. Pythia 8.186, with the A14 tune, is used for the modelling of the parton showering, hadron-
isation and the description of the underlying event. Parton luminosities are provided by the NNPDF30LO
PDF set. The ME–PS matching is done using the CKKW-L [88] prescription. Signal cross sections are
calculated to LO accuracy [25].

In all samples of simulated events, except those produced by Sherpa, the EvtGen v1.2.0 program [89] is
used to model the properties of the bottom and charm hadron decays. To simulate the effects of additional
pp collisions in the same and nearby bunch crossings, additional interactions are generated using the soft
QCD processes of Pythia 8.186with the A2 tune [90] and theMSTW2008LOPDF [91], and overlaid onto
the simulated hard scatter event. The samples of simulated events are reweighted so that the distribution
of the average number of proton-proton interactions per bunch crossing matches the observed distribution
in the data. Corrections derived from data control samples are applied to simulated events to account for
differences between data and simulation in the reconstruction efficiencies, momentum scale and resolution
of leptons and in the efficiency and false positive rate for identifying b-jets.

6 Background Estimation

For each SR, the normalisation of the dominant irreducible SM background processes is obtained by
normalising the yield to the observed data in a background dominated control selection (CR), and then
extrapolating this yield to the SRs as described below. Smaller irreducible background processes are
predicted using solely estimates from simulation.

For each SR, a simultaneous “background” fit is performed to the number of events found in the CRs to
determine the SM process normalisations, using the HistFitter package [92]. When setting 95% CL upper
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limits on the cross section of specific signal models, the simultaneous fits also include the observed yields
in the SR. In each fit, the normalisations of the major irreducible background contributions are allowed
to float, while the other backgrounds are determined directly from their yields using the corresponding
theoretical cross sections.

The signal regions for the three-body, hadronic mT2 and dark matter selections are populated by different
background processes and thus use different CRs. The definition of the regions used in each analysis and
the results of the fit are described in the next subsections.

The background due to fake and non-prompt leptons, collectively referred to as “FNP”, is small (less
than 10% of the total background). It consists of semi-leptonic tt̄, s-channel and t-channel single top,
W+jets and light- and heavy-flavour multijet events. It is commonly estimated from data with a method
similar to that described in Refs. [93, 94]. Two types of lepton identification criteria are defined for
this evaluation: “tight”, corresponding to signal leptons described above, and “loose”, corresponding to
candidate electrons and muons. The method makes use of the number of observed events containing
loose-loose, loose-tight, tight-loose and tight-tight lepton pairs in a given SR. The probability for prompt
leptons passing the loose selection criteria to also pass the tight selection is measured using a Z → ``

(` = e, µ) sample. The equivalent probability for fake or non-prompt leptons is measured from multi-
jet-enriched control samples. The number of events containing a contribution from one or two fake and
non-prompt leptons is calculated from these probabilities.

Systematic uncertainties in the samples of simulated events affect the ratio of the expected yields in the
different regions and are taken into account to determine the uncertainty on the background prediction.
The systematic uncertainties are described by nuisance parameters, which are not constrained by the fit,
since the number of floating background normalisation is equal to the number of CRs. Each uncertainty
source is described by a single nuisance parameter, and all correlations between background processes
and selections are taken into account. The list of systematic uncertainties considered in the fit is described
in Section 7.

6.1 Hadronic mT2 background estimate

The largest backgrounds in the hadronic mT2 signal region are expected to be top pair production and single
top (Wt) production. For these backgrounds, two CRs that are statistically independent of the SRs are
defined. Each CR is enriched in the targeted background source and used to constrain its normalisation
with data. The extrapolation of the top background rates from the CR to the SRs relies on the samples
of simulated events, which is also used for the prediction of the smaller backgrounds with two prompt
leptons (Z/γ∗+jets, dibosons, tt̄V and Higgs processes).

In order to reduce the potential signal contamination, mbb
T2 is required to be lower than 160 GeV, bringing

the expected signal contribution below a 8%of the total expected yields in the CRs. The top pair production
CR (CRttbar) also applies a lower cut on mbb

T2 , in order to probe a kinematic regime closer to the SRs.
This is not done in the single top CR (CRst) because of the limited number of expected events after the
CRst selection. Relative to the SRs, the CRs also drop requirement on the leading lepton pT in order to
increase the event yield. In order to separate the single top and top pair production, the following variable,
based on the invariant mass between each lepton and b-jet, is considered:

mmin
bl = min

(
(max(mb1l1,mb2l2 ),max(mb1l2,mb2l1 )

)
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Table 4: Definition of the control and validation regions in the hadronic mT2 selection. A horizontal dash indicates
that no selection is applied. The trigger, trigger-related lower cuts on lepton pT and Emiss

T , and invariant mass cuts
described in the text are applied for all regions.

Variable CRttbar CRst VRttbar VRst

mbb
T2 [GeV] >120 & <160 <160 >160 & <220 >160 & <220

b-jet multiplicity = 2 = 2 = 1 = 2
Ebl

T,min [GeV] - - - -
mbl

min [GeV] <170 >170 - -
Emiss
T [GeV] - - - < 200

Two validation regions are defined, in order to validate the extrapolation from the CRs to the SRs, that are
enriched in single top (VRst) and top pair (VRttbar) production, respectively. VRttbar requires exactly
one b-jet in order to reduce the potential signal contamination, which is expected to be below 6%. At least
one more jet is required in the event, and the jet with the highest b-tagging weight among those failing the
selected working point is used together with the identified b-jet in the calculation of mbb

T2 . For tt̄ events in
CRttbar, most of the selected b-jets are true b-jets from the top quark decay. Such events have a kinematic
endpoint in mbb

T2 and mostly fail to enter the SRs, since the latter is enriched in events with at least one
mis-tagged jet. VRttbar is constructed such that selects events with a flavour composition similar to that
of the SRs. VRst requires exactly two b-jets, like CRst and the SR. In all these regions, the majority of
the selected single top events have two real b quarks. The CR and VR definitions are given in Table 4.

Figure 2 shows the mbb
T2 and mbl

min distributions after applying the CRs selection but without including
the requirements on the mbb

T2 or mbl
min. Good agreement is observed between data and simulation at the

preselection level and in the different CRs. The mbb
T2 distribution in data presents a deficit for values above

160 GeV, which corresponds to the upper cut on the CRst definition, still compatible, within about one
standard deviation, with the background predictions. Similar effect is observed in the validation region.

The background rate in all regions is determined by a background fit, as previously described. Table 5
presents, for the control and validation regions, the expected yields before and after the background fit is
performed. The result for the SRs is reported in Section 8.1.
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Figure 2: Distribution of mbb
T2 for events passing the CRttbar (top left) and the CRst selection (top right), except

for the mbb
T2 cut itself, and distribution of mbl

min for events passing the CRttbar (bottom left) and the CRst selection
(bottom right), except for the mbl

min cut itself. The figures use 13.3 fb−1of pp collision data. The normalisation of
the top backgrounds comes from the likelihood fit described in the text, and the uncertainty band includes statistics
and systematics uncertainties.
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Table 5: Background fit results for the CRs and VRs in the hadronic mT2 search for an integrated luminosity of
13.3 fb−1. For backgrounds whose normalisation is determined by the fit and for the total background the nominal
expectations from simulation (MC) are given in the lower portion of the table. Combined statistical and systematic
uncertainties are shown. Uncertainties on the predicted background event yields are quoted as symmetric except
where the negative error reaches down to zero predicted events, in which case the negative error is truncated.

CRttbar CRst VRttbar VRst

Observed 849 512 545 48

Total Standard Model 849 ± 29 512 ± 22 530 ± 152 65.3 ± 18

Fitted tt̄ 767 ± 43 236 ± 94 390 ± 180 23 ± 17
Fitted Wt 54 ± 28 240 ± 97 100 ± 51 38 ± 21
Diboson 0.43 ± 0.13 3.76 ± 0.67 9.9 ± 1.3 0.20 ± 0.16
Z/γ∗+jets 0.73 ± 0.72 5.0 ± 3.0 5.0 ± 3.6 0.75 ± 0.59
Fakes and non-prompt 21.1 ± 5.6 17.7 ± 5.1 20.2 ± 5.1 2.0 ± 1.6
tt̄ V 4.71 ± 0.31 8.3 ± 1.1 4.72 ± 0.49 0.98 ± 0.11
tt̄ H 1.00 ± 0.15 1.41 ± 0.18 0.44 ± 0.10 0.30 ± 0.04

MC exp. Standard Model 848 460 520 57

MC exp. tt̄ 777 239 400 23
MC exp. Wt 42 185 77 30
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6.2 Three-body background estimate

In the three-body signal regions defined in Section 4.3, the SM background is dominated by diboson and
tt̄ production. The SM predictions are taken from simulation for the most significant backgrounds are
normalised to data in dedicated control regions. The major contribution to diboson production in the SF
regions is coming from ZV production, whereas in the DF regions it is coming from WW production.
Therefore, one dedicated control region is constructed for each dilepton flavour combination. Conversely,
the tt̄ production is flavour symmetric, for which only a single control region is used. The FNP background
is estimated using the matrix method described earlier. Finally, contributions from remaining sources of
SM background, which include Higgs boson production and Z/γ∗+jets, are small and are estimated from
samples of simulated events. The background predictions are tested in validation regions that are defined
to be kinematically adjacent to, yet disjoint from, the signal regions. The definitions of the control and
validation regions are shown in Table 6. In all control and validation regions the signal contamination is
less than 17%.

Table 6: Definitions of the control and validation regions for the three-body search. SF refers to same-flavour (ee
and µµ), and DF to different-flavour (eµ) lepton pairs.. The common selection defined in Section 4.3 also applies
to all regions.

Selection CR-Top CR-VV-DF CR-VV-SF VR-Top VR-VV-DF VR-VV-SF

Lepton flavour DF DF SF DF DF SF
b−jet multiplicity >0 == 0 == 0 == 0 == 0 == 0
MR
∆

[GeV] > 80 > 30 > 30 > 80 (30, 80) (30, 80)
RpT > 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
1/γR+1 – > 0.8 > 0.8 – > 0.8 > 0.8
Emiss
T [GeV] – – > 70 – – > 70

(cos θb , ∆φRβ ) ∆φRβ < (0.85 × | cos θb | + 1.8) ∆φRβ > (0.85 × | cos θb | + 1.8)

Table 7 shows the expected and observed number of events in each of the control and validation regions
after the background fit. As can be seen, the number of total fitted background events in the validation
regions is in agreement with the observed number of data events. Figure 3 shows a selected number of
distributions in the control regions for this analysis.
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Table 7: Background fit results for the CRs and VRs in the three-body search for an integrated luminosity of
13.3 fb−1. For backgrounds whose normalisation is determined by the fit and for the total background the nominal
expectations from simulation (MC) are given in the lower portion of the table. Combined statistical and systematic
uncertainties are shown. Uncertainties on the predicted background event yields are quoted as symmetric except
where the negative error reaches down to zero predicted events, in which case the negative error is truncated.

Region CR-Top CR-VV-DF CR-VV-SF VR-Top VR-VV-DF VR-VV-SF

Observed events 2434 533 314 212 186 196

Total Standard Model 2430 ± 50 533 ± 23 314 ± 18 254 ± 22 198 ± 13 200 ± 120

Fitted t t̄ 2190 ± 50 113 ± 12 70 ± 11 122 ± 8 32 ± 4 29 ± 6
Wt 220 ± 18 40 ± 5 22 ± 4 22.7 ± 2.6 10.3 ± 1.1 8.2 ± 1.7
t t̄+V 8.0 ± 0.9 0.11 ± 0.02 0.12 ± 0.02 0.32 ± 0.06 0.0 ± 0.0 0.01 ± 0.01
Fitted VVDF 19 ± 4 343 ± 27 — 102 ± 19 134 ± 14 —
Fitted VVSF — — 129 ± 31 — — 86 ± 31
Z/γ∗+jets 0.51 ± 0.30 1.1 ± 0.8 90 ± 17 0.02 ± 0.01 — 60+110

−60
Fake and non-prompt — 34.8 ± 1.3 4.8 ± 0.5 7.10 ± 0.27 21.0 ± 0.9 11.8 ± 2.2

MC exp. Standard Model 2443 461 291 233 169 180

MC exp. t t̄ 2198 114 70 123 32 29
MC exp. VVDF 15.3 271 — 80 106 —
MC exp. VVSF — — 105 — — 70
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Figure 3: Distributions of RpT (top-left) and ∆φRβ (top-right) in CR-Top, MR
∆
(bottom-left) in CR-VV -SF, and cos θb

(bottom-right) in CR-VV -DF. The hashed regions represent the total uncertainties on the background estimates. The
rightmost bin of each plot includes overflow events. The lower panel of each plot shows the ratio of the data to the
SM background prediction. The normalisations of the tt̄ and VV processes come from the likelihood fit described
in the text.
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6.3 Dark matter background estimate

In this case, the largest SM background contribution is originated by top production events, particularly
from tt̄ and tt̄ +Z events. These two sources are estimated simultaneously. Control regions, rich in these
processes and with negligible signal contamination, are created in the mll

T2 vs lepton multiplicity plane.
tt̄ +Z events can have more than 2 leptons (which defines the CRTZ control region), whilst the low mll

T2

region is rich in tt̄ events whilst being poor in expected signal events (leading to the CRT control region).
In CRTZ, where three or more leptons are present, mll

T2 is chosen to be the largest value obtained from all
possible two lepton combinations. By extrapolating from the CRs to the SR the background estimation is
obtained. The definition of the CRs is given in Table 8.

Table 8: Summary of control and validation region definitions for the dark matter search.

Selection CRT CRTZ VRVV VRMET VRMT2 VRINC

mll
T2 [GeV] 60-100 >90 >100 – >120 –

b-jet multiplicity > 0 > 0 0 > 0 > 0 > 0
Jet multiplicity > 1 > 1 > 1 > 1 > 1 –
Lepton multiplicity 2 > 2 2 2 2 2
∆φboost < 1 – - > 1 > 1 > 1
Emiss
T [GeV] – – – > 180 – –

Table 9: Background fit results for the CRs and VRs in the dark matter search for an integrated luminosity of
13.3 fb−1. For backgrounds whose normalisation is determined by the fit and for the total background the nominal
expectations from simulation (MC) are given in the lower portion of the table. Combined statistical and systematic
uncertainties are shown. Uncertainties on the predicted background event yields are quoted as symmetric except
where the negative error reaches down to zero predicted events, in which case the negative error is truncated.

CRT CRTZ VRVV VRMET VRMT2 VRINC

Observed events 6758 26 100 30 71 10802

Total Standard Model 6758 ± 83 26.0 ± 5.1 90 ± 20 30.3 ± 3.8 53.3 ± 9.0 10600 ± 1000

Fitted t t̄ 6460 ± 89 – 39 ± 17 21.0 ± 4.6 20 ± 6.3 9700 ± 1000
Wt 264 ± 24 – 5.8 ± 1.8 4.9 ± 2.0 3.6 ± 1.5 847 ± 12
Z/γ∗+jets 0.05+0.06

−0.05 – 0.06+0.08
−0.06 1.26 ± 0.29 18.8 ± 3.4 47.7 ± 9.5

VV 12.4 ± 2.3 3.65 ± 0.92 40.9 ± 3.4 0.77 ± 0.31 6.2 ± 1.4 40.2 ± 5.6
Fitted t t̄ Z 6.9 ± 2.9 14.5 ± 5.8 0.46 ± 0.21 0.63 ± 0.27 1.85 ± 0.79 11.0 ± 4.6
t t̄ W 8.02 ± 0.28 2.44 ± 0.17 0.28 ± 0.06 0.34 ± 0.05 0.92 ± 0.10 10.88 ± 0.59
Fake and non prompt leptons 1.7+1.7

−1.7 3.5 ± 2.5 2.5+2.8
−2.5 1.3 ± 1.3 1.1+1.5

−1.1 –
Other processes 5.59 ± 0.18 2.05 ± 0.17 0.14 ± 0.03 0.14 ± 0.02 0.93 ± 0.44 8.09 ± 0.61

MC exp. Standard Model 6500 30 88 28 34 10100

MC exp. t t̄ 6150 – 37 20 19 9200
MC exp. t t̄ Z 8.76 18.4 0.58 0.80 2.0 14

Figure 4 shows the comparison of the data with the background prediction for the mll
T2 variable in CRTZ

and the jets multiplicity in CRT. The data is in good agreement with a background-only prediction within
uncertainties.
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Figure 4: mT2 distribution in CRT (left) and jet multiplicity distribution in CRTZ (right) for an integrated luminosity
of 13.3 fb−1. The CR selections on the plotted variables are not applied in the figure. The contributions from all SM
backgrounds are shown as a histogram stack; the bands represent the total uncertainty from statistical and systematic
sources. The normalisations of the tt̄ and tt̄ Z processes come from the likelihood fit described in the text.

Four different validation regions are defined by inverting some of the selection requirements. The regions
VRVV, VRMET, VRMT2, and VRINC are used to validate, respectively, the diboson contribution, the
Emiss
T modelling at high mll

T2, the mll
T2 modelling at high Emiss

T and an inclusive selection orthogonal to the
SRs. The detailed definition of each of the validation regions is provided in Table 8.

Table 9 shows the results in the control and validation regions after the background fit. A good agreement
is found between data and predictions in the validation regions. In the case of VRMT2, the data is
above the predictions by less than two standard deviations and the effect is still attributed to a statistical
fluctuation.

7 Systematic Uncertainties

The primary sources of systematic uncertainty are related to: the jet energy scale (JES) and resolution
(JER), the b-tagging calibration, the modelling in the simulated event samples, the re-weighting procedure
applied to simulation for matching the distribution of the average number of proton-proton interactions
per bunch crossing observed in data, and the cross section uncertainties. The uncertainty related to the
finite yields of the simulated event samples is taken into account as well. The effects of these uncertainties
are evaluated for all signal samples and background processes. Since the normalisation of the dominant
background contributions is extracted in dedicated control regions, in these cases the uncertainties only
affect the extrapolation from the control to the signal regions.

The JES and JER uncertainties are derived as a function of the pT and η of the jet, as well as of the
pileup conditions and the jet flavour composition of the selected jet sample. They are determined using
a combination of simulated and data samples, through measurements of the jet response asymmetry in
dijet, Z+jet and γ+jet events [95]. The systematic uncertainties related to the modelling of Emiss

T in the
simulation are estimated by propagating the uncertainties on the energy and momentum scale of each of
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the physics objects, as well as the uncertainties on unclustered soft contributions [55]. The efficiencies for
the b-tagging of true b, charm, and light jets are measured in data [96, 97] and their uncertainty accounted
separately in the fit. The remaining detector-related systematic uncertainties, such as those on lepton
reconstruction efficiency, energy scale, energy resolution and on the modelling of the trigger [46, 47] are
negligible.

The uncertainties coming from the background modelling in the simulated event samples are estimated
for dibosons processes by varying the renormalisation, factorisation, resummation and matrix-elements to
parton shower matching scales used to generate the samples. For tt̄ andWt, the uncertainties related to the
modelling of the hard scattering process are evaluated by comparing the nominal Powheg predictions with
the ones from MadGraph5_aMC@NLO, using the Pythia showering in both cases. The uncertainties
related to the modelling of initial- and final-state radiation are derived by comparing samples with a
different amounts of radiation with the nominal sample. The modified samples are generated varying the
factorisation and renormalisation scales and the cutoff scale for the first gluon emission (hdamp parameter)
by a factor of two.

Finally, the uncertainty associated to the parton shower modelling is assessed as the difference between
the predictions from Powheg + Pythia and Powheg + Herwig++. An additional systematics on the
interference between tt̄ and single top is assigned with the extreme choice of neglecting the interference
completely with the diagram removal scheme and comparing the results with those of the nominal tt̄
sample. The resulting uncertainty is significant, but not dominant, for the hadronic mT2 selection and
negligible for the other selections (see Table 10).

The uncertainties related to the choice of the QCD renormalisation and factorisation scales in Z/γ∗+jets
events are assessed by varying the corresponding generator parameters up and down by a factor of two
around their nominal values. Uncertainties on the resummation scale and the matching scale between
the matrix element and the parton shower are evaluated by varying up and down by a factor of two the
corresponding parameters in Sherpa.

The theoretical uncertainties on the predicted cross section, used to normalise background processes from
simulations, are taken into account. This includes a 5.3% uncertainty for single topWt-channel [98], a 6%
for diboson, a 13% for tt̄+W and a 12% for tt̄+ Z production [75]. For the tt̄+WW/Z , tt̄+ h and triboson
production processes, which constitute a small background in all signal regions, a 50% uncertainty on the
event yields is assumed.

Two sources of systematic uncertainty are assigned to the fake and non-prompt lepton background estimate.
The first one takes into account the potentially different FNP compositions (heavy flavour, light flavour
or conversions) between the signal and control regions. The second one account for variations of the
contamination from prompt leptons in the regions used to measure the probabilities for loose fake and
non-prompt leptons to pass the tight signal criteria.

A summary of the leading systematic uncertainties on the total expected background is given in Table 10,
as determined after the background fit.
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Table 10: Sources of systematic uncertainty on the SM background estimates, evaluated after the background fit.
The values are given as relative uncertainties on the expected background event yields in the SRs. Entries marked
“–” indicate either a negligible contribution or an uncertainty that does not apply (for example the normalisation
uncertainty for a background whose normalisation is not fitted for that specific signal region). MC statistics refer
to the statistical uncertainty from the simulated event samples. The individual components can be correlated and
therefore do not necessarily add up in quadrature to the total systematic uncertainty. The total number of expected
background events is also shown.

Signal Region SRhadMT2
Low SRhadMT2

High SR3−body
W -SF SR3−body

W -DF SR3−body
t -SF SR3−body

t -DF DM-SRL DM-SRH

Total background expectation 13.6 6.8 12 5.3 4.7 3.7 6.4 2.27

Total background systematic 50% 58% 34% 41% 41% 41% 36% 26%

Jet energy scale – – 16% 23% 17% 9% 6% 4%
Jet energy resolution – – 2% 10% 2% 11% 3% 5%
Emiss
T modelling 1% 1% – – – – 2% 1%

MC statistical uncertainties 3% 5% 13% 20% 13% 25% 5% –
Diboson theoretical uncertainties – – 10% 12% 2% <1% – 1%
top theoretical uncertainties 30% 29% 17% 22% 34% 30% 10% 23%
t t̄- Wt interference 22% 27% – – – – – –
Diboson fitted normalisation – – 15% 3% 2% <1% – –
t t̄ fitted normalisation 1% 1% 1% 1% 2% 2% 1% –
Wt fitted normalisation 26% 26% – – – – – –
t t̄ V fitted normalisation – – – – – – 14% 18%
Fake and non-prompt lepton 4% 6% 3% 6% <1% 15% – –
Luminosity 1% 1% 1% 1% 1% 1% 1% 1%

8 Results

The data is compared to background predictions in the signal regions of the different analyses. As
discussed below, good agreement is observed between data and background predictions in all cases. Two
different sets of exclusion limits are then derived on models for new physics beyond the SM. A model
independent upper limit on the visible cross section, defined as cross section times acceptance times
efficiency, for new physics is derived in each SR by performing a fit which includes the observed yield
in the SR as a constraint, and a free signal yield in the SR as an additional process. The possible signal
contamination in the CRs, and the uncertainties on the signal are neglected, since these depend on the
model. Model dependent limits are derived on the specific signal scenarios targeted by each analysis. The
profile likelihood fit is performed including the expected signal yield and its associated uncertainties in the
CRs and SRs, and deriving the exclusion confidence level with the CLs method [99]. Correlation between
the shared experimental uncertainties between background and signal uncertainties are accounted for in
the fit. All limits are quoted at 95% confidence level.

8.1 Hadronic mT2 search

The distribution of mbb
T2 after all the selections of SRhadMT2

Low and the distribution of Ebl
T,min after all the

selections of SRhadMT2
High , except the selection on the variable which is shown, are reported in Fig. 5. The

background fit in the SRs is reported in Table 11. Data has been found to be compatible, within about one
standard deviation, with the background predictions.
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Model independent 95%CL upper limits on the visible cross section (〈εσ〉95obs) and on the number of signal
events (S95

obs ) are reported in Table 12. Beyond SM signals with a visible cross section larger than about
1 fb are excluded at 95% CL by this selection. Exclusion limits are also placed on the model targeted by
the analysis, with the top squark decaying to the lightest chargino, and the chargino subsequently decaying
to the lightest neutralino and a (real or virtual) W boson. The limits are provided for two signal grids
which vary the neutralino and the lightest top squark masses, and make different assumptions on the mass
of the lightest chargino. The first grid assumes that m( χ̃±1 ) = 2m( χ̃01) which is a relation satisfied by
models with a bino-like χ̃01, a wino-like χ̃

±
1 , and unification of the gaugino masses at the SUSY breaking

scale. The second grid assumes m( χ̃±1 ) = 106 GeV which is just above the limit set by the LEP searches.
The results are reported in Figure 6, where for each signal mass point the SR with the best expected limit
is used. This is SRhadMT2

High at low neutralino and high stop masses, and SRhadMT2
Low at high neutralino and low

stop masses. Depending on the neutralino and chargino mass, stop masses up to 495 GeV are excluded at
95% CL.
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Figure 5: Distributions of mbb
T2 (left) and Ebl

T,min (right) for events passing the SRhadMT2
Low and SRhadMT2

High selection
respectively, but for the cut on mbb

T2 or Ebl
T,min itself, and for an integrated luminosity of 13.3 fb−1. The normalisation

of the top backgrounds comes from the likelihood fit described in the text, and the uncertainty band includes statistics
and systematics uncertainties. Two reference top squark pair production signal models are overlayed for comparison.
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Table 11: Results of the background only fit for signal regions for the hadronic mT2 signal regions, for an integrated
luminosity of 13.3 fb−1. The number of events in each region is reported after the fit and before the fit. The expected
number of events for two signal samples (m(t̃) = 400 GeV or 500 GeV, m( χ̃±1 ) =106 GeV, m( χ̃01) = 50 GeV) is also
reported.

SRhadMT2
Low SRhadMT2

High

Observed 21 8

Total Standard Model 35 ± 14 17.3 ± 7.5

Fitted tt̄ 7.6 ± 3.4 3.3 ± 2.3
Fitted Wt 22 ± 15 11.7 ± 8.3
Diboson 0.44 ± 0.17 0.29 ± 0.15
Z/γ∗+jet 0.15 ± 0.12 0.07 ± 0.05
Fakes and non-prompt 3.7 ± 1.5 1.5 ± 1.0
tt̄ V 0.81 ± 0.10 0.42 ± 0.05
tt̄ H 0.21 ± 0.03 0.09 ± 0.02

MC exp. Standard Model 30 14.7

MC exp. tt̄ 7.6 3.4
MC exp. Wt 17 9.0

t̃1 t̃1 m(t̃1, χ̃
±
1 , χ̃

0
1) = (400, 106, 50) GeV 27.4 ± 3.4 12.4 ± 2.5

t̃1 t̃1 m(t̃1, χ̃
±
1 , χ̃

0
1) = (500, 106, 50) GeV 16.2 ± 1.6 10.8 ± 1.1

Table 12: Left to right: 95% CL upper limits on the visible cross section (〈εσ〉95obs) and on the number of signal
events (S95

obs ). The third column (S95
exp) shows the 95% CL upper limit on the number of signal events, given the

expected number (and ±1σ excursions on the expectation) of background events. The last column contains the CLB

value, i.e. the confidence level observed for the background-only hypothesis.

Signal channel 〈εσ〉95obs[fb] S95
obs S95

exp CLB

SRhadMT2
Low 1.18 15.7 19.2+5.8

−4.2 0.23
SRhadMT2

High 0.60 8.0 10.5+4.1
−2.8 0.18
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uncertainty. The shaded green and blue areas show respectively the observed exclusion from the ATLAS

√
s = 8

TeV analyses performed in the one-lepton (1L) [100] and two-lepton (2L) channels [101].
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8.2 Three-body results

In Figure 7 the distribution of MR
∆

is presented in each of the signal regions, split between the same and
different flavour channels, omitting the cut on MR

∆
itself. No excess over the SM prediction is visible,

and this is reflected in the background-only fit results which are shown for SR3−body
W in Table 13 and for

SR3−body
t in Table 14. The model independent upper limits are presented in Table 15. Observed yields

are within one standard deviation of the background prediction in all SRs. Limits on models with pair
production of top squarks, each of them decaying through the three-body mode into bW χ̃01 are shown in
Fig. 8. For a mass difference of ∆m(t̃1 − χ̃01) = 150 GeV, SR3−body

t is the most sensitive SR, and stop
mass between 250 and 335 GeV are excluded. For a mass difference of ∆m(t̃1 − χ̃

0
1) = 90 GeV, SR3−body

W

is used and the limits extend up to 365 GeV.

Table 13: Background fit results for the signal region SR3−body
W in the three-body search for an integrated luminosity

of 13.3 fb−1. The nominal expectations from MC simulation are given for each background process in the lower
portion of the table. Combined statistical and systematic uncertainties are shown. Uncertainties on the predicted
background event yields are quoted as symmetric except where the negative error reaches down to zero predicted
events, in which case the negative error is truncated. The expected yields for two signal models are also shown.

Region SR3−body
W -SF SR3−body

W -DF

Observed events 13 6

Total Standard Model 12 ± 4 5.3 ± 2.2

Fitted tt̄ 3.9 ± 2.2 2.3 ± 1.4
Wt 0.38 ± 0.16 0.21 ± 0.08
tt̄ V 0.11 ± 0.03 0.10 ± 0.03
Fitted VVDF — 2.1 ± 1.1
Fitted VVSF 5.8 ± 2.6 —
Z/γ∗+jets 0.79 ± 0.35 —
Fake and non-prompt 0.98 ± 0.13 0.58 ± 0.12

MC exp. Standard Model 11 4.9

MC exp. tt̄ 3.9 2.3
MC exp. VVDF — 1.6
MC exp. VVSF 4.8 —

t̃1 t̃1 m(t̃1, χ̃
0
1) = (250, 160) GeV 21.8 ± 1.8 18.1 ± 2.0

t̃1 t̃1 m(t̃1, χ̃
0
1) = (300, 150) GeV 5.3 ± 0.8 5.1 ± 0.6

26



E
n

tr
ie

s

1−10

1

10

210

310

410 tt Wt

 Vtt VV

 + jets
*

γZ/ FNP

Data Total SM

) = (250, 160) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 180) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 150) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

ATLAS Preliminary
 = 13 TeVs, ­1L = 13.3 fb

SRw N­1 (SF)

 [GeV]R
∆M

80 90 100 110 120 130 140 150 160 170 180

D
a

ta
/S

M

0

0.5

1

1.5
2

E
n

tr
ie

s

1−10

1

10

210

310

410
tt Wt

 Vtt VV

 + jets
*

γZ/ FNP

Data Total SM

) = (250, 160) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 180) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 150) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

ATLAS Preliminary
 = 13 TeVs, ­1L = 13.3 fb

SRw N­1 (DF)

 [GeV]R
∆M

80 90 100 110 120 130 140 150 160 170 180

D
a

ta
/S

M

0

0.5

1

1.5
2

E
n

tr
ie

s

1−10

1

10

210

310

410

tt Wt

 Vtt VV

 + jets
*

γZ/ FNP

Data Total SM

) = (250, 160) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 180) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 150) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

ATLAS Preliminary
 = 13 TeVs, ­1L = 13.3 fb

SRt N­1 (SF)

 [GeV]R
∆M

80 100 120 140 160 180

D
a

ta
/S

M

0

0.5

1

1.5
2

E
n

tr
ie

s

1−10

1

10

210

310

410

tt Wt

 Vtt VV

 + jets
*

γZ/ FNP

Data Total SM

) = (250, 160) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 180) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

) = (300, 150) GeV
 0

1
χ
∼, 1t

~
, m(1t

~
1t

~

ATLAS Preliminary
 = 13 TeVs, ­1L = 13.3 fb

SRt N­1 (DF)

 [GeV]R
∆M

80 100 120 140 160 180

D
a

ta
/S

M

0

0.5

1

1.5
2

Figure 7: Distributions of the MR
∆

variable in the same flavour (left column) and different flavour (right column)
channels of the SR3−body

W (upper row) and SR3−body
t (lower row) signal regions, and for an integrated luminosity of

13.3 fb−1. The SR selections on MR
∆
(SR3−body

W requires MR
∆
> 95 GeV and SR3−body

t requires MR
∆
> 110 GeV) are

not applied for these plots. The hashed regions represent the total uncertainties on the background estimates. The
rightmost bin of each plot includes overflow events. The lower panel of each plot shows the ratio of the data to the
SM background prediction. The normalisations of the tt̄ and VV processes come from the likelihood fit described
in the text. Three reference top squark pair production signal models are overlayed for comparison.
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Table 14: Background fit results for the signal region SR3−body
t in the three-body search for an integrated luminosity

of 13.3 fb−1. The nominal expectations from MC simulation are given for each background process in the lower
portion of the table. Combined statistical and systematic uncertainties are shown. Uncertainties on the predicted
background event yields are quoted as symmetric except where the negative error reaches down to zero predicted
events, in which case the negative error is truncated. The expected yields for two signal models are also shown.

Region SR3−body
t -SF SR3−body

t -DF

Observed events 5 3

Total Standard Model 4.7 ± 2.0 3.7 ± 1.5

Fitted tt̄ 3.2 ± 1.8 2.1 ± 1.3
Wt 0.25 ± 0.05 0.05+0.06

−0.05
tt̄ V 0.64 ± 0.13 0.55 ± 0.16
Fitted VVDF — 0.04+0.06

−0.04
Fitted VVSF 0.35 ± 0.21 —
Z/γ∗+jets 0.26 ± 0.14 —
Fake and non-prompt — 0.90 ± 0.23

MC exp. Standard Model 4.7 3.7

MC exp. tt̄ 3.3 2.2
MC exp. VVDF — 0.03
MC exp. VVSF 0.29 —

t̃1 t̃1 m(t̃1, χ̃
0
1) = (250, 160) GeV 0.41 ± 0.16 0.57 ± 0.13

t̃1 t̃1 m(t̃1, χ̃
0
1) = (300, 150) GeV 7.4 ± 1.1 6.7 ± 1.0

Table 15: Left to right: 95% CL upper limits on the visible cross section (〈εσ〉95obs) and on the number of signal
events (S95

obs ). The third column (S95
exp) shows the 95% CL upper limit on the number of signal events, given the

expected number (and ±1σ excursions on the expectation) of background events. The last column indicates the
CLB value, i.e. the confidence level observed for the background-only hypothesis.

Region 〈εσ〉95obs[fb] S95
obs S95

exp CLB

SR3−body
W -SF 0.83 11.1 10.3+4.4

−2.9 0.57

SR3−body
W -DF 0.56 7.4 6.8+3.3

−2.0 0.58

SR3−body
t -SF 0.47 6.3 6.1+3.2

−2.0 0.54

SR3−body
t -DF 0.38 5.1 5.7+2.6

−1.8 0.39
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Figure 8: Exclusion contours for t̃1 pair production with each t̃1 decaying via the three-body process t̃1 → bW χ̃01.
The SR3−body

W and SR3−body
t signal regions are combined in the model dependent fits to provide the result shown

here. The dashed line and the shaded band are the expected limit and its ±1σ uncertainty, respectively. The thick
solid line is the observed limit for the central value of the signal cross section. The expected and observed limits do
not include the effect of the theoretical uncertainties on the signal cross section. The dotted lines show the effect
on the observed limit when varying the signal cross section by ±1σ of the theoretical uncertainty. The shaded
green, orange and azure areas show the observed exclusion from the ATLAS

√
s = 8 TeV searches performed in the

one-lepton (Stop-1L) [100], two-lepton (Stop-2L) [101] and WW -like [31] analyses, respectively.
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8.3 Dark Matter search

The distribution of Emiss
T after all the SR selections except the selection on Emiss

T itself, is reported in
Fig. 9. The background only fit in the SRs is reported in Table 16. The number of observed events is in
good agreement with the background prediction.

As in the other analyses, model independent upper limits are reported in Table 17, these being 0.65 fb and
0.43 fb for SRL and SRH respectively.

Limits on models with dark matter production in association with tt̄ are provided for two signal grids
which assume respectively either a scalar mediator, shown in Fig. 10, or a pseudoscalar mediator, shown
in Fig. 11. Good sensitivity is observed for the on-shell mediator part of the plane (m(ϕ/a) > 2m( χ)).
Lower limits on the mediator mass between 300 and 350 GeV are placed for the maximum coupling of
g = 3.5. For each mass value, the maximum allowed coupling at 95% C.L. is also reported on the plots.
For the pseudo scalar case, dark matter particle masses below 60 to 80 GeV are excluded for g = 3.5 when
m(a) < 2m( χ).

Table 16: Results of the background only fit for signal regions for the dark matter selection. The number of events
in each region is reported after the fit and before the fit. The expected number of events for two signal models,
tt̄ϕ (10, 1) and tt̄ϕ (350, 1), is also reported assuming a coupling of g = 3.5.

DM-SRL DM-SRH

Observed 8 3

Total Standard Model 6.4 ± 2.3 2.27 ± 0.59

Fitted tt̄ 2.1 ± 1.9 0.15+0.40
−0.15

Fitted Wt 0.37 ± 0.36 0.24+0.31
−0.24

Z/γ∗+jets 0.15 ± 0.08 0.03 ± 0.03
VV, VVV 0.64 ± 0.22 0.43 ± 0.18
Fitted tt̄ Z 2.01 ± 0.86 1.00 ± 0.44
tt̄ W 0.69 ± 0.07 0.27 ± 0.04
Fake and non prompt 0.00+0.35

−0.00 0.00+0.35
−0.00

Others 0.42 ± 0.08 0.14 ± 0.04

MC exp. Standard Model 6.7 2.5

MC exp. tt̄ 2.0 0.14
MC exp. Wt 2.6 1.28

tt̄ϕ (10, 1) GeV, g = 3.5 148 ± 57 16+19
−16

tt̄ϕ (350, 1) GeV, g = 3.5 8.6 ± 1.0 5.23 ± 0.80
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Table 17: Left to right: 95% CL upper limits on the visible cross section (〈εσ〉95obs) and on the number of signal
events (S95

obs ). The third column (S95
exp) shows the 95% CL upper limit on the number of signal events, given the

expected number (and ±1σ excursions on the expectation) of background events. The last column indicate the CLB

value, i.e. the confidence level observed for the background-only hypothesis.

Signal channel 〈εσ〉95obs[fb] S95
obs S95

exp CLB

DM-SRL 0.65 8.6 6.8+2.3
−1.1 0.76

DM-SRH 0.43 5.7 4.5+2.1
−0.9 0.72
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Figure 9: Emiss
T distributions for events passing all the signal region requirements but for the selections on Emiss

T itself
(respectively Emiss

T > 180 GeV for DM-SRL and Emiss
T > 260 GeV for DM-SRH) for an integrated luminosity of

13.3 fb−1. The contributions from all SM backgrounds are shown as a histogram stack; the bands represent the total
uncertainty from statistical and systematic sources. The normalisations of the tt̄ and tt̄ Z processes come from the
likelihood fit described in the text. Two DM signal models assuming scalar mediators are overlayed for comparison.
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9 Conclusion

This document reports a search for top squark pair production and dark matter production in final
states containing two leptons and large missing transverse momentum, based on a 13.3 fb−1dataset of
√

s = 13 TeV proton-proton collisions recorded by the ATLAS experiment at the LHC in 2015 and 2016.
Good agreement has been found between the observed events in the data and the expected Standard Model
yields.

Model-independent 95% C.L. upper limits on the visible cross section for new phenomena are obtained
and vary between 0.38 fb and 1.18 fb, depending on the analysis. The results are also interpreted in
terms of simplified models assuming a range of top squark and lightest neutralino masses, with the former
decaying to the latter via either a direct three-body decay or via an intermediate chargino state. For a
mass difference of 90 GeV between the stop and the neutralino and the three body decay mode, a stop
mass below 365 GeV is excluded. The chargino decay mode is excluded for a stop mass between 400 and
495 GeV, a chargino mass of 100 GeV and a neutralino mass of 50 GeV. Finally, limits on two simplified
models of dark matter production in association with a tt̄ pair are presented as a function of the dark matter
particle mass, the mediator mass, and the coupling strength. A pseudoscalar or scalar mediator lighter
than 330 GeV is excluded for a coupling strength of 3.5 and a dark matter particle mass below 20 GeV.
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